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In this issue of Developmental Cell, Wurtzel et al. (2015) use single-cell transcriptome sequencing on
planarian cells to investigate the cell-type specificity and temporal dynamics underlying the regenerative
wound response.Injury causes remarkable changes in
tissues. First, tissues sense the wound
and, in turn, trigger transcriptional and
cellular responses to the injury. Next,
after replacement or repair of appropriate
tissues has occurred, the regenerative
response is shut off and the tissues re-
turn to homeostasis. Emerging data from
regenerative organisms have established
that wounding leads to broad and dra-
matic changes in gene expression. How-
ever, many important questions remain
unanswered. For example, how do in-
juries influence gene expression in spe-
cific cell types? Do different types of
injuries lead to distinct transcriptional
responses? In this issue ofDevelopmental
Cell, Wurtzel et al. (2015) capitalize on the
planarian’s extraordinary ability to regen-
erate from virtually any injury to address
these fundamental questions. The au-
thors explore the regenerative response
to wounding through a series of single-
cell and whole-tissue RNA sequencing
experiments, followed by expression
mapping and functional characterization
of newly discovered wound-response
genes.
Wurtzel etal. (2015) report the first appli-
cation of single-cell sequencing technol-
ogy on planarian cells. By performing
single-cell transcriptome sequencing on
619 individual cells from regenerating pla-
narians and applying unbiased clustering
algorithms, the authors clustered cells
into 13 groups representing most major
cell types in the planarian body. Single-
cell sequencing provides a major advan-
tage over bulk-tissue RNA sequencing,
as it can uncover heterogeneity between
cells of the same type. Freed from the
constraints of identifying cell types based
on a fewmarker genes, the authors distin-guished between two closely related clus-
ters of neural cells and identified one
of the clusters as neurons with sensory
cilia. Single-cell sequencing acrossmixed
populations of cells also enables the
discovery of marker genes based upon
differential expression between defined
cell clusters. In all, the authors identi-
fied 1,214 new tissue-specific markers
across the 13 different clusters, including
unique markers representing the recently
described s, z, and g neoblasts (vanWolf-
swinkel et al., 2014), a population of
cells that include pluripotent somatic
stem cells and dividing precursors that
drive the planarian’s virtually limitless abil-
ity to regenerate.
Armed with the ability to discriminate
between planarian cell types, Wurtzel
et al. (2015) set out to investigate the
transcriptional response to wounding,
previously characterized by microarray
analysis (Wenemoser et al., 2012). The au-
thors performed an RNA sequencing time
course on sections of planarian tissue
that had either an anterior-facing (head
removal) or posterior-facing (trunk and tail
removal) wound. Compared to uninjured
animals, analysis of the bulk sequencing
data revealed a set of 128 wound-induced
genes that were activated in either type of
injury. To determine the cell-type speci-
ficity of the wound response, the authors
analyzed expression of the 128 wound-
induced genes across their single-cell
sequencingdata.Of the49genesdetected
in the single-cell data, a subset of wound-
induced genes, including several stress-
response factors, was broadly expressed
in most cell types after injury. Unexpect-
edly, most of the other wound-induced
genes detected in single cells were ex-
pressed inonlyoneof threecell types: neo-Developmental Cell 35,blasts, muscle cells, and epidermis. These
included genes required for proliferation
(neoblasts), as well as patterning factors,
which provide important positional infor-
mation for regeneration (muscle) (Witchley
et al., 2013).
Strikingly, only a single gene—the Wnt
signaling inhibitor notum—displayed
biased activation in response to wound-
ing. notum, which is required for proper
head regeneration in planarians (Petersen
and Reddien, 2011), was activated in
response to both wound types but was
expressed at highest levels in anterior-
facing wounds. Thus, the same transcrip-
tional wound response is activated
regardless of regenerative outcome, and
only a single gene shows detectable dif-
ferential expression in anterior-facing
wounds.
The remarkable similarity in wound
response following anterior- versus pos-
terior-facing amputations led the authors
to ask whether any type of injury—even
those involving different cell types—elicits
the same wound response. The authors
rigorously tested this idea by performing
tissue RNA sequencing following wound-
ing at different anatomical positions.
Intriguingly, wounding by different types
of amputation or by simple incision (which
does not require regeneration of new
tissues) activated the same set of 128
wound-induced genes. Next, the authors
used computational approaches (Che-
chik and Koller, 2009; Sivriver et al.,
2011) comparing all the wounding para-
digms to determine the transcriptional
responses of individual wound-induced
genes over time. The authors identified
three wound-induced clusters of genes
exhibiting early, late, and sustained
expression. The early wound-inducedDecember 7, 2015 ª2015 Elsevier Inc. 527
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response genes that are broadly activated
in almost every cell type. The late cluster
comprised several muscle-enriched
body patterning genes. Interestingly,
whereas the temporal dynamics of early
genes did not vary across different injury
types, the extent of activation of late and
sustained genes was significantly shorter
in planarians with a simple incision
instead of an amputation. Thus, there is
a generic and complex transcriptional
response to different types of wounds,
which involves the well-timed activation
and repression of certain specific genes.
The temporal dynamics of wound-
induced genes are tightly regulated and
only sustained when tissue is missing
and regeneration is required.
Because the initial wound response
is virtually identical after different types
of injuries, when does injury-specific
expression occur? To answer this ques-
tion, the authors compared theexpression
of head-enriched genes between inci-
sions and amputated tail fragments that
regenerate new heads over time. Head-
enriched genes, which were induced
significantly later than wound-enriched
genes, were classified into three func-
tional groups: specialized neoblast-asso-
ciated genes (Scimone et al., 2014; van
Wolfswinkel et al., 2014),muscle-enriched
patterning factors (Witchley et al., 2013),
and differentiated anterior tissue markers.528 Developmental Cell 35, December 7, 201The authors found that, after the early
generic wound response, head regenera-
tion occurs in two distinct phases con-
sisting of the appearance of specialized
neoblasts and patterning genes, followed
by the appearance of functional differenti-
ated head tissues.
Using single-cell sequencing technol-
ogy, this work from Wurtzel et al. (2015)
provides a battery of new markers for
identifying planarian cell types and details
for the first time the transcriptional land-
scape within individual cells in response
to wounding. With single-cell resolution,
the authors outline a model for regenera-
tion that consists of (1) the triggering
of a generic wound program in response
to any type of injury, (2) the activation
of tissue-specific neoblast specialization
genes and patterning factors, and (3)
the expression of differentiated tissue
markers. Together, these results suggest
that the tissue-specific sensing of and re-
action to damage occur only after the im-
mediate injury response. However, the
extent to which the different phases of
the wound response are interdependent
remains unclear.
How do planarians sense their physio-
logical state and convert it to the appro-
priate regenerative response? It has been
shown that, in addition to wounding, de-
fects in epidermal cell differentiation or
epidermal integrity activate the expression
of wound-induced genes and trigger neo-5 ª2015 Elsevier Inc.blast proliferation (Tu et al., 2015). This
work by Wurtzel et al. (2015) should
facilitate the investigation of systemic re-
sponses to differentiation defects. Identi-
fying the molecular cues that initiate the
wound-response program and the fac-
tors that trigger tissue-specificity of the
response will be important areas for future
work.
REFERENCES
Chechik, G., and Koller, D. (2009). J. Comput. Biol.
16, 279–290.
Petersen, C.P., and Reddien, P.W. (2011). Science
332, 852–855.
Scimone, M.L., Kravarik, K.M., Lapan, S.W., and
Reddien, P.W. (2014). Stem Cell Reports 3,
339–352.
Sivriver, J., Habib, N., and Friedman, N. (2011).
Bioinformatics 27, i392–i400.
Tu, K.C., Cheng, L.-C., Vu, T.K., Lange, H., Mc,
J.J., Kinney, S.A., Seidel, C.W., and Sa´nchez
Alvarado, A. (2015). eLife 4, http://dx.doi.org/10.
7554/eLife.10501.
van Wolfswinkel, J.C., Wagner, D.E., and Reddien,
P.W. (2014). Cell Stem Cell 15, 326–339.
Wenemoser, D., Lapan, S.W., Wilkinson, A.W.,
Bell, G.W., and Reddien, P.W. (2012). Genes Dev.
26, 988–1002.
Witchley, J.N., Mayer, M., Wagner, D.E., Owen,
J.H., and Reddien, P.W. (2013). Cell Rep. 4,
633–641.
Wurtzel, O., Cote, L.E., Poirier, A., Satija, R., Re-
gev, A., and Reddien, P.W. (2015). Dev. Cell 35,
this issue, 632–645.
